Introduction
Disruption of the stratospheric ozone layer due to chlorofluorocarbons will lead to an increase in the intensity of UV-B (UV with wavelengths between 280 and 320 nm) radiation at the ground level (Molina and Rowland 1974, McKenzie et al. 1999) . Extensive studies have been carried out in order to examine the impact of increased UV-B radiation on plant life. Wellknown physiological effects of increased UV-B radiation on plants are impediments to photosynthetic activity (Teramura and Sullivan 1994, Baker et al. 1997) , growth inhibition of the leaf area (Teramura 1983 , Takeuchi et al. 1989 , González et al. 1998 , reduction in the genomic stability (Ries et al. 2000) , and formation of DNA lesions (Stapleton and Walbot 1994) .
Three types of DNA lesions induced by UV-B have been identified. Cyclobutane pyrimidine dimers (CPDs) constitute a major portion of the DNA lesions (Britt 1996) . Pyrimidine (6-4) pyrimidone photoproducts (6-4 photoproducts) and Dewar isomers, which 6-4 photoproducts are converted into by absorbing UV, are formed less frequently than CPDs (Mitchell 1988) . Light-dependent and independent systems are involved in the restoration of CPDs. The light-dependent repair process, which is thought to be catalyzed by CPD-specific DNA photolyase (CPD photolyase), removes CPDs much more rapidly than the light-independent process in plants (Pang and Hays 1991 , Takeuchi et al. 1996 , Taylor et al. 1996 . The structure and the catalytic mechanisms of CPD photolyase have been intensively studied in microorganisms. CPD photolyases absorb light in the UV-A/blue region and utilize the light energy to repair CPDs (Sancer 1994) . Such a function of CPD photolyase is thought to be preserved among higher organisms (Todo 1999 ). All known photolyases contain an FAD as a cofactor (Yasui et al. 1994 , Kleiner et al. 1999 . Based on the amino acid sequence similarity, CPD photolyases are classified into class I and class II CPD photolyases (Yasui et al. 1994 , Todo 1999 . The Arabidopsis CPD photolyase gene (AtPHR1), which is the only plant CPD photolyase gene isolated prior to the one studied in the present research, encodes a class II CPD photolyase (Ahmad et al. 1997 ). An Arabidopsis mutant (uvr2-1) lacking this gene exhibited considerably higher sensitivity to UV-B irradiation than the wild-type plant . Hidema et al. (2000) examined the growth of two rice cultivars differing in the activity of CPD photolyase. The rice cultivar with functionally deficient CPD photolyase exhibited lower growth rates under UV-B irradiation than the other cultivar with higher photorepair activity, suggesting that the photorepair activity is essential for higher plants to maintain high growth rates under UV-B irradiation. The level of CPD accumulation increased according to the UV-B dose in the alfalfa cotyledons by challenge exposure whether the plants were grown indoors or outdoors (Takayanagi et al. 1994 ). In con-trast, the CPD levels in the leaves of maize and rice plants grown outdoors were almost constant during the daytime , Hidema et al. 1999 ) despite the diurnal changes in the intensity of solar UV-B radiation (Xiong and Day 2001) . The solar radiation contains sufficient UV-B to form CPDs in plants (Ballaré et al. 1996 , Mazza et al. 1999 . Thus, it is surmised that the CPD repair activity may fluctuate during the day in plants, peaking around the noon, to maintain the CPD level low. Nevertheless, no detailed investigation of such diurnal changes in CPD repair activity has been conducted prior to this research.
In the present study, cDNA encoding a cucumber CPD photolyase (CsPHR) was isolated and its expression was examined. The transcript level as well as the activity of CPD photorepair in the cucumber first leaves showed diurnal changes. In addition, the possible correlation between the activity of CPD photorepair and plants' tolerance to UV-B irradiation was investigated.
Results

Isolation and characterization of cDNA encoding cucumber class II CPD photolyase
In an attempt to isolate the cucumber cDNA for a CPD photolyase, reverse transcription-PCR (RT-PCR) was performed using degenerate primers for amino acid sequences highly conserved among class II CPD photolyases (Yasui et al. 1994) . A 368-bp cDNA fragment was amplified and sequenced. The complete cDNA of the cucumber CPD photolyase gene (CsPHR) was obtained via 5¢-and 3¢-rapid amplification of cDNA ends (RACE) . The open reading frame of CsPHR was 1,470 bp long. The predicted amino acid sequence of CsPHR was 75% identical to that of the Arabidopsis class II CPD photolyase (GenBank accession number: AF053365), containing almost all amino acids conserved among class II CPD photolyases (Fig. 1) . Both class I and class II CPD photolyases are thought to contain FAD as a chromophore. However, the consensus amino acid sequence responsible for the binding of FAD, which has been identified in class I CPD photolyase, was not present in the deduced amino acid sequence of CsPHR like other class II CPD photolyases (Yasui et al. 1994 ). The C-terminus of CsPHR exhibits a nucleus-localization signal, according to the Prediction of Protein Sorting Signal and Localization Sites in Amino Acid Sequences (PSORT) program (Nakai and Kanehisa 1992) . No signal sequence associated with organelle targeting was found (Fig. 1) .
The photolyase-deficient Escherichia coli strain (CSR603) was transformed with CsPHR under the control of a lac promoter. The transformant was then irradiated with UV light with a wavelength of 254 nm (UV-C). CSR603 as well as CSR603 transformed with pUC18 vectors, either containing or not containing CsPHR, showed lowered survival rates when incubated in the dark after the UV-C radiation ( Fig. 2A) . The percent survival of the transformant expressing CsPHR was improved by the light treatment after the UV-C irradiation (Fig. 2B) . These results indicate that CsPHR encodes a functional CPD (Yasui et al. 1994) . The putative sequence of a nucleus-localization signal is underlined. 
photolyase.
Genomic Southern blot analysis was performed using the 1.4 kb EcoRI fragment of CsPHR as a probe (Fig. 3) . Hybridization signals of approximately 4 kbp and 8 kbp were obtained when the cucumber genomic DNA was digested with BamHI. Digestion with HindIII resulted in a single hybridization signal of more than 10 kbp. These results indicate that CsPHR is a single-copy gene since there is one BamHI site and no HindIII site on the CsPHR cDNA.
Diurnal changes in CsPHR transcript level and photorepair activity
The transcript level of CsPHR and CPD photorepair activity in the first leaves were determined at different times of the day. The CsPHR transcripts in an unfolded first leaf (more than 12 d after sowing) were hardly detected by Northern blot analysis (data not shown). Therefore, quantitative RT-PCR was performed to determine the level of CsPHR transcripts. Under our PCR conditions, the signal intensity correlated with the amount of template RNA (total RNA from the first leaves of 12-dayold plants) up to 0.2 mg (data not shown). Thus, RT-PCR was performed using 0.1 mg of total RNA as templates so as to investigate the fluctuations of the CsPHR transcript level. The accumulation of CsPHR transcripts in the first leaf declined as the leaf area increased (Fig. 4) . Then the first leaves of 12-to 13-day-old plants, in which the accumulation of the transcripts was sufficient for the quantification by RT-PCR, were used to examine the diurnal change in the CsPHR transcript level. The level of CsPHR transcripts increased immediately after the start of the light period till 09:00 and then gradually decreased towards the end of the light period. The transcript level remained low throughout the dark period and increased again in the next light period (Fig. 5A) . A similar but smaller oscillation pattern was observed when the plants were kept in the dark during the light period (Fig. 5B) .
The CPD photorepair activity increased after the start of the light period, reached the maximum at 12:00, and then decreased ( Table 1) . The peak of photorepair activity appeared approximately 3 h after that of the transcript level. 
Effects of UV-B irradiation on growth of first leaves
UV-B irradiation inhibits the foliar growth in many plant species (Teramura 1983 , Takeuchi et al. 1989 . Since the activity of CPD photorepair changed during the day, we supposed that the UV-B sensitivity of cucumber plants might change during the day. The extent of the growth inhibition caused by 3-h irradiation of supplemental UV-B with varying starting times was investigated. The 3-h irradiation of UV-B started at 06:00 and 15:00 retarded the growth of the first leaves (Fig. 6) . In contrast, the UV-B irradiation started at 09:00 and 12:00 showed little growth inhibition. The extent of growth inhibition inversely correlated with the diurnal changes of the CPD photorepair activity.
Discussion
The deduced amino acid sequence of CsPHR had high homology to the Arabidopsis CPD photolyase and contained amino acids conserved among many class II CPD photolyases as shown in Fig. 1 (Yasui et al. 1994) . Moreover, a CPDphotolyase-deficient strain of E. coli gained UV resistance when transformed with CsPHR (Fig. 2) . Therefore, it is surmised that CsPHR encodes a functional CPD photolyase. Genomic Southern blot analysis revealed that CsPHR is likely to be a singlecopy gene in the haploid genome of cucumber (Fig. 3) . It was shown by Ahmad et al. (1997) that AtPHR1 is also a singlecopy gene. The deduced amino acid sequence of CsPHR exhibits a putative nucleus-localization signal in the C-terminus, but does not have any organelle-targeting sequence, according to the PSORT program (Fig. 1) . Therefore, CsPHR probably is localized in the nucleus and is not responsible for the photorepair of organelle DNA. This is consistent with the experimental result that no photorepair activity was detected in the chloroplast of Arabidopsis and spinach (Chen et al. 1996 , Hada et al. 1999 . Effect of UV-B supplementation on the growth of the first leaves of cucumber. Cucumber plants were grown for 8 d in the glasshouse and transferred to the growth chamber. The plants were then acclimated to the light condition for 2 d, and then irradiated daily with UV-B. Supplemental UV-B was irradiated for 3 h (06:00-09:00, 09:00-12:00, 12:00-15:00 or 15:00-18:00). The UV-B irradiation was repeated for 3 d (from the 11th to 13th days after sowing). To estimate the growth rates of the first leaves, the leaf areas were determined on the 10th day after sowing (1 d before UV-B irradiation started) and on the 13th day after sowing. The growth rates of the first leaves were calculated as described in Materials and Methods. Vertical bars represent SE for at least 10 leaves. Bars with different letters (a and b) are significantly different at P<0.05.
FAD, a chromophore considered to be contained in all photolyases, mediates the electron transport to achieve photoreactivation (Kleiner et al. 1999 , Todo 1999 . Specific amino acid sequences for the binding of FAD are conserved among class I CPD photolyases, 6-4 photolyases, and cryptochromes (Todo 1999) . The amino acid sequence for FAD binding has not been identified in any class II CPD photolyase, although previous reports have shown that class II CPD photolyase protein also could conjugate FAD (Yasui et al. 1994 , Ahmad et al. 1997 , Kleiner et al. 1999 . The specific amino acid sequences were not found also in the deduced amino acid sequence of CsPHR (Fig. 1) .
Diurnal changes in the CsPHR transcript level were observed. The transcript level increased till 09:00 after the light illumination had begun at 06:00, and then decreased during the rest of the light period (Fig. 5A) . A similar but smaller oscillation pattern was observed when the plants were kept in the dark (Fig. 5B) . It is, therefore, deduced that the transcription of CsPHR is promoted primarily by light while moderately controlled by intrinsic rhythms. Alternatively, the transcription may be strictly controlled by a light-driven rhythm that is dampened in the dark. The activity of CPD photorepair reached the maximum in the midst of the light period and decreased thereafter ( Table 1 ). The peak of the photorepair activity was observed approximately 3 h after that of the CsPHR transcript level (Fig. 5, Table 1 ). Since it was shown that the protein encoded by CsPHR acts as an active CPD photolyase in the photolyase-deficient E. coli (Fig. 2) , the protein encoded by CsPHR seems to have photorepair activity in cucumber, too. The time lag probably resulted from duration of the translation and/or activation processes (Berrocal-Tito et al. 2000) .
The oscillation of the photorepair activity synchronized with the intensity of solar UV-B, which was maximal around noon (Xiong and Day 2001) . The solar UV-B radiation is sufficient for the generation of CPDs in plant leaves (Ballaré et al. 1996 , Mazza et al. 1999 ). Therefore, it seems that plants adapt to the solar UV-B radiation by increasing their photorepair activity. In fact, the CPD level remained low throughout the day in rice plants grown under the natural light (Hidema et al. 1999) . The diurnal change in the activity of CPD photorepair may account for such results.
Supplemental UV-B irradiation in the morning and the late afternoon retarded the foliar growth more severely than UV-B irradiation in the middle of the day (Fig. 6) . Namely, the UV-B sensitivity of expanding cucumber first leaves varied, depending on the time. The results were consistent with the diurnal change in the activity of CPD photorepair, supporting the idea that the extent of growth inhibition due to UV-B would depend on the photorepair activity. Hidema et al. (2000) also suggested that the difference in the CPD photorepair activity might account for the different growth rates of UV-sensitive and -resistant rice cultivars under supplemental UV-B irradiation. In addition, other UV-defense mechanisms such as the accumulation of UV-absorbing pigments (Bornman et al. 1997) and the activity of antioxidants or antioxidative enzymes (Rao et al. 1996 , Mackerness et al. 1998 ) may also contribute to the UV-B resistance of plants. The amount of UV-absorbing pigments was small in the first leaves of young cucumber, but increased during the growth (data not shown). The accumulation level of UV-absorbing pigments exhibited a continuous increase in cucumber leaves during the light period in the day (Kawashima et al. 2000) . The accumulation of UV-absorbing pigments, therefore, does not account for the diurnal change of UV-B resistance observed in the present research. The mRNA level of an Arabidopsis ascorbate peroxidase (APX1), which is a major antioxidative enzyme, increased during the light period, peaking at the end of light period (Kubo et al. 1995) . On the other hand, the transcript level of a maize catalase gene (Cat3) showed diurnal change and its peak was observed in the midst of the light period (Boldt and Scandalios 1997) . However, the diurnal change in the activity of these antioxidative enzymes has not been examined in cucumber leaves. Further investigations are required for the comprehensive understanding of physiological factors responsible for the diurnal change in UV-B sensitivity.
The leaf growth is regulated by various physiological and biochemical factors such as the photosynthetic activity and phytohormones. PSII and CO 2 assimilation are inactivated by UV-B irradiation (Teramura and Sullivan 1994, Jansen et al. 1998) . In cucumber leaves, the photosynthetic activity, estimated from chlorophyll fluorescence, was hardly affected by UV-B irradiation (Murase et al. 1997 , Kawashima et al. 2000 , while the stomatal opening was suppressed (data not shown). Auxin, an important phytohormone, is oxidized under UV-B irradiation (Ros and Tevini 1995, Huang et al. 1997) . However, the diurnal changes in the severity of these effects have not been studied. Investigation on the correlation between the UV-B effect on each factor and the growth retardation may Cucumber plants were grown as described in Fig. 5 . The first leaves were excised at indicated times of the day and frozen in liquid nitrogen. The photorepair activity for each time point was determined. The activity is represented by the ratio of photorepaired CPDs relative to remaining CPDs in the control reaction mixture. Each value represents the average of at least five independent experiments. Means ± SE are shown. Values with different letters (a, b, and c) are significantly different (P<0.05).
Time
Photorepair activity (% per mg protein) give us a clue to the elucidation of the cellular events involved in the appearance of UV-B effects.
Materials and Methods
Plant materials and growth conditions Seeds of cucumber (Cucumis saivus L. cv. Hokushin) were sown on a mixture of vermiculite, peatmoss, perlite and fine gravel (2 : 2 : 1 : 1, v/v) in a plastic pot (7 cm in diameter, 11 cm deep). The seedlings were grown under sunlight in a glasshouse with controlled environment. The temperature and the relative humidity in the glasshouse were maintained at 25±0.5°C and 70±5%, respectively. After the cotyledons had opened completely, the seedlings were transferred to an artificially lit growth cabinet either on the 6th day (Fig. 4) or on the 8th day (Fig. 5, 6 ) after sowing. The growth cabinet was programmed for a temperature regime of 20±0.5°C during the day and 15±0.5°C at night, 12 h of light, and relative humidity of 70±3%. Metal halide lamps (BOC Lamp, Mitsubishi Electric Corp., Tokyo, Japan) were used to provide the white light with wavelengths above 350 nm. The photosynthetically active photon flux density (PPFD) at the plant height was 300 mmol m -2 s -1 , as measured with a quantum meter (LI-1000, Li-Cor, Lincoln, NE, U.S.A.). The seedlings were fed every day with a 1,000-fold dilution of Hyponex (Hyponex Japan, Osaka, Japan).
UV-B irradiation
UV-B was supplied in the growth cabinet using three fluorescent lamps (FL20SE, Toshiba Light Technology Corp., Tokyo, Japan). Polyvinyl filters (Cutting Sheet 000C, Nakagawa Chemical, Co. Ltd., Tokyo, Japan) were used to remove light with wavelengths below 290 nm. The UV-B intensity measured with a UV monitor (MS210I, EKO Instruments Trading Co., Ltd., Tokyo, Japan) was 0.25 W m -2 at the plant height.
Measurement of leaf area and growth rate of cucumber first leaves
Seedlings were transferred to the growth cabinet on the 8th day after sowing. The plants were acclimated for 2 d under the artificial white light. UV-B irradiation upon the seedlings was performed for 3 h, starting at 06:00, 09:00, 12:00 or 15:00 on the 11th, 12th and 13th day after sowing. The length and width of the first leaf were measured at 17:00 on the 10th and 13th days after sowing. The leaf area was calculated according to the following equation (Murase et al. 1997 ):
Leaf area (cm 2 ) = 0.858 ´ length (cm) ´ width (cm) -0.796.
The increase in the leaf area was estimated for the UV-B-irradiated and the control (not irradiated with UV-B) plant. The growth rate was calculated by dividing the increase in the leaf area of the UV-Birradiated plant by that of the control plant.
Total RNA extraction from cucumber leaves
Cucumber leaves were frozen in liquid nitrogen immediately after picking and stored at -80°C. The frozen leaves were ground in a mortar, then suspended in the extraction buffer (50 mM Tris-HCl, pH 8.0; 50 mM EDTA; 0.5% SDS). After centrifugation, the supernatant was extracted twice with phenol-chloroform and then once with chloroform. RNA with high molecular weight was precipitated by adding LiCl to the aqueous layer. The precipitate was washed with 70% ethanol, dried, and dissolved in sterilized water. The amount of RNA was estimated from A 260 measured with a spectrophotometer (DU-640, Beckman Instruments, Inc., Germany). Poly(A) + RNA, which was used in the isolation of CsPHR cDNA, was prepared using oligo(dT)-tailed latex beads (Oligotex-dt30 Super, Japan Synthetic Rubber Co., Ltd., Japan) according to the manufacturer's instructions.
Total RNA used in RT-PCR was extracted from the frozen cucumber leaves using RNeasy Plant Mini Kit (Qiagen Inc., CA, U.S.A.).
Isolation of cDNA encoding cucumber class II CPD photolyase
The first strand of cDNA was synthesized using an oligo (dT) primer (pd(T) 12-18 , Amersham Pharmacia Biotech, Inc., NJ, U.S.A.) and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega Corp., WI, U.S.A.). The cDNA was predenatured at 94°C for 5 min, then amplified through 40 PCR cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min using primers designated as PR1 (5¢-CTA/GGGITTA/GCCTAA/TA/GCAICCIA/CA/GTACACC-3¢) and PR3 (5¢AC/TAGICG/TITCA/GAGIGA/CIGA/CITGITA/GIC/TC/GA/ GAGA/GAG-3¢) (Yasui et al. 1994) . The amplified DNA fragments were separated via electrophoresis and a 368-bp portion of CsPHR cDNA was obtained. The partial CsPHR cDNA fragment was subcloned into a pCR2.1 vector (Original TA Cloning Kit, Invitrogen Corp., CA, U.S.A.) and sequenced. In order to obtain a cDNA fragment containing the entire open reading frame of CsPHR, 5¢-and 3¢-RACE were performed using Marathon™ cDNA Amplification Kit (Clontech Laboratories, Inc., CA, U.S.A.). A DNA fragment containing the complete CsPHR cDNA was synthesized via PCR with primers designated as Csphr1 (5¢-CTGCTGGGGGCTTGGGAATGGGCA-CGT-3¢) and Csphr2 (5¢-GGGCTTCCTCAGGTCCTCTTGTCCACTCC-3¢). The parameters of the PCR were 94°C for 2.5 min, followed by 25 cycles of 94°C for 0.5 min, 60°C for 0.5 min, and 68°C for 4 min. The amplified cDNA was subcloned into a pCR2.1 vector and sequenced using ALFred DNA Sequencer (Amersham Pharmacia Biotech, Inc., NJ, U.S.A.). Genetyx software (Software Development Co. Ltd., Tokyo, Japan) was used to analyze the DNA sequence.
Complementation assays
The cDNA fragment containing CsPHR was ligated into a pUC18 vector in an in-frame orientation. A photolyase-deficient strain of E. coli, CSR603 (phrB1 -, uvrA6 -, recA1 -), was transformed with the pUC18 vectors containing CsPHR. The transformant was inoculated into a Luria-Bertani (LB) medium containing 50 mg ml -1 ampicillin. Following overnight incubation at 37°C, 1 ml of the culture was diluted with 2 ml of a fresh LB medium containing 1 mM isopropyl-1-thio-b-D-galactopyranoside, then incubated further for 2.5 h at 37°C. The culture was diluted with phosphate-buffered saline (PBS) to 1,000 cells ml -1 . Then 0.5 ml of the diluted culture was spread on a metal Petri dish. The transformants were exposed to UV with a wavelength of 254 nm (UV-C) from a germicidal lamp(GL10, Nippo Electric Co., Ltd., Kawaguchi, Japan) at a fluence rate of 0.25 Wm -2 , as measured with UVX Radiometer and UVX-25 Sensor (UVP Inc., CA, U.S.A.). After the UV-C irradiation, the cells were illuminated with white light (FL40SW, Mitsubishi Electric Osram Ltd., Yokohama, Japan) at a PPFD of 30 mmol m -2 s -1 for 30 min. Then 100 ml of the UV-Cirradiated bacterial suspension were plated on an LB-agar plate containing 50 mg ml -1 ampicillin and incubated in the dark at 30°C for 12 h. As controls, the UV-C-irradiated cells were incubated in darkness for 30 min and plated as described above.
Southern blot analysis
Genomic DNA was extracted from cucumber leaves by the cetyltrimethylammonium bromide method (Rogers and Bendich 1985) . Then 10 mg of the genomic DNA were digested with BamHI and HindIII, separated on a 1.0% agarose gel, and transferred onto a nylon membrane (Hybond™ N + , Amersham Pharmacia Biotech, Inc., NJ, U.S.A.). The membrane was probed with a radioactively labeled EcoRI fragment of CsPHR cDNA in the hybridization buffer (5´ SSC, 5´ Denhardt's solution, 0.5% SDS and 20 mg ml -1 denatured salmon sperm DNA solution) at 65°C overnight. The membrane was washed with 2´ SSC followed by 0.2´ SSC at 65°C. The washed membrane was exposed to an X-ray film.
Quantification of CsPHR transcripts by RT-PCR
The level of CsPHR transcripts was estimated by quantitative RT-PCR (Koyama et al. 1999 ) using Ready-To-Go™ RT-PCR beads (Amersham Pharmacia Biotech, Inc., NJ, U.S.A.). Total RNA was extracted from each sample and 0.1 mg of the RNA was incubated at 42°C for 30 min in the reaction mixture containing 0.2 mg of pd(T) [12] [13] [14] [15] [16] [17] [18] (Amersham Pharmacia Biotech, Inc., NJ, U.S.A.) as a primer for the reverse transcriptional process. Then PCR was performed using specific primers for CsPHR (PR6, 5¢-ACTGCTACTACCAACCTCAC-TATG-3¢; PR7, 5¢-CCTCCCATCTATTTCATACTT-3¢). To evaluate the precision of RT-PCR, control reactions were performed with specific primers for 18S ribosomal RNA (Csrna1, 5¢-CTATGGGTGGT-GGTGCATGGC-3¢ and Csrna2, 5¢-CGCCGCGATCCGAACACTTC-ACC-3¢). The parameters of the PCR were 94°C for 5 min, followed by 15 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. After the reaction had been completed, 10 ml of the mixture were separated on a 1.6% agarose gel via electrophoresis. The amount of amplified DNA derived from the CsPHR transcripts was quantitated by Southern blot analysis. The probe was prepared by labeling, with 32 P, 368-bp cDNA fragments synthesized via PCR using PR1 and PR3 primers. The hybridization was carried out at 42°C overnight in a buffer containing 6´ SSC, 50% (v/v) formamide, 5% Irish cream liquor, 0.5% SDS, and 100 mg ml -1 denatured salmon sperm DNA. The membrane was washed with 2´ SSC once at the room temperature for 5 min and twice at 42°C for 30 min, then twice with 0.2´ SSC at 42°C for 15 min. The washed membrane was exposed to an imaging plate (Type BAS-III, Fuji Photo Film Co., Ltd., Tokyo, Japan) for 3 h and analyzed with Bio-imaging Analyzer (BAS2000, Fuji Photo Film Co. Ltd., Tokyo, Japan).
Quantification of CPD photorepair activity in cucumber leaves
The CPD photorepair activity was assayed according to Hada et al. (2000) . Two hundred milligrams of cucumber leaves were homogenized in 0.8 ml of the extraction buffer (200 mM Tris-HCl buffer (pH 7.6) containing 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT) and 10% glycerol). The homogenate was centrifuged at 39,000´g and the pellet was discarded. Salts and intrinsic DNA were removed from the supernatant using a Sephadex G-25 spin column and a DEAE-Sephacel column, respectively. These columns were equilibrated with the photoreactivation reaction (PR) buffer (100 mM TrisHCl buffer (pH 7.6) containing 100 mM NaCl, 1 mM EDTA, and 1 mM DTT). The flow-through fraction containing CPD photolyase was collected and diluted with the PR buffer to protein concentration of 250 mg ml -1 , then used as an enzyme solution. The enzyme solution (180 ml) was mixed with 20 ml (20 mg) of UV-irradiated (50 J m -2 ) salmon sperm DNA on a microtiter plate (Flexible Assay Plate, Becton Dickinson and Co., U.S.A.) coated with 1% newborn calf serum (Gibco BRL, U.S.A.). The reaction mixture was exposed to light for 20 min at a PPFD of 200 mmol m -2 s -1 using three fluorescent lamps (FL20SS-BRN/18, Toshiba Light Technology Corp., Tokyo, Japan). The control reaction was performed in the dark. The amount of CPDs in the reaction mixture, represented by A 492 , was measured via an enzyme-linked immunosorbent assay (ELISA) using CPD specific antibodies (XP-01, Kyowa Medex Co., Ltd., Tokyo, Japan). The enzymatic activity was quantified by calculating the ratio of the photorepaired CPDs relative to the amount of CPDs in the control reaction mixture.
The protein content of the enzyme solution was determined in Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc., CA, U.S.A.). Finally, the percentage of photorepaired CPDs per 1 mg of total protein was calculated to quantify the photorepair activity.
Statistical analysis
The statistical significance of data was estimated by Student's ttest.
